The rpoB gene was evaluated as an alternative molecular marker for the differentiation of Xanthomonas species and in order to understand better the phylogenetic relationships within the genus. PCR-RFLP experiments using HaeIII allowed differentiation of Xanthomonas species, particularly those that affect the same plant host such as Xanthomonas albilineans and X. sacchari, pathogenic to sugar cane, Xanthomonas cucurbitae and X. melonis, which cause disease in melon, and Xanthomonas gardneri, X. vesicatoria and X. euvesicatoria/X. perforans, pathogenic to tomato. Phylogenetic relationships within the genus Xanthomonas were also examined by comparing partial rpoB gene sequences (612 nt) and the Xanthomonas species were separated into two main groups. Group I, well supported by bootstrap values of 99 %, comprised X. euvesicatoria, X. perforans, X. alfalfae, X. citri, X. dyei, X. axonopodis, X. oryzae, X. hortorum, X. bromi, X. vasicola, X. cynarae, X. gardneri, X. campestris, X. fragariae, X. arboricola, X. cassavae, X. cucurbitae, X. pisi, X. vesicatoria, X. codiaei and X. melonis. Group II, again well supported by bootstrap values of 99 %, comprised X. albilineans, X. sacchari, X. theicola, X. translucens and X. hyacinthi. The rpoB gene sequence similarity observed among the species in this study ranged from 87.8 to 99.7 %. The results of PCR-RFLP of the rpoB gene indicated that this technique can be used for diagnosis and identification of most Xanthomonas strains, including closely related species within the genus. However, species that showed identical profiles could be differentiated clearly only by sequence analysis. The results obtained in our phylogenetic analysis suggested that the rpoB gene can be used as an alternative molecular marker for genetic relatedness in the genus Xanthomonas. The results of PCR-RFLP of the rpoB gene indicate that this technique can be used for diagnosis and identification of closely related species within the genus, representing a rapid and inexpensive tool that can be easily standardized between laboratories.
INTRODUCTION
The genus Xanthomonas comprises a large number of bacterial species with different physiological and pathological characteristics responsible for diseases in many economically important crops, including rice, beans, cassava, tomato, wheat, citrus, crucifers and many others. Xanthomonas species have been subjected to several taxonomic studies using biochemical tests (Van den Mooter & Swings, 1990) , pathogenicity tests on host range (Berthier et al., 1993) , SDS-PAGE (Vauterin et al., 1991) and analysis of fatty acids (Yang et al., 1993) . However, such techniques are time-consuming, as they require days or weeks of manipulative procedures for their evaluation.
Molecular studies have also been performed, including DNA-DNA hybridization (Vauterin et al., 1992 (Vauterin et al., , 1995 , analysis of 16S rRNA gene sequences , PCR-RFLP analysis of rpfB and atpD genes (Simões et al., 2007) , analysis of the sequence of the 16S-23S rRNA intergenic spacer region (Gonçalves & Rosato, 2002) and the gyrB gene (Parkinson et al., 2009) , comparison of repetitive extragenic palindromic PCR (rep-PCR) profiles (Rademaker et al., 2005) and multilocus sequence analysis (MLSA) (Young et al., 2008 (Young et al., , 2010 , and these techniques have shown significant results for the differentiation of species of Xanthomonas.
The rpoB gene has been used as another molecular marker for identification, differentiation and phylogenetic analysis of several species of bacteria. This gene is a highly conserved housekeeping gene with a single copy in the genome that encodes the beta subunit of RNA polymerase, responsible for most catalytic functions of the enzyme (Jin & Gross, 1989) . Since 1997, numerous studies have been developed using the rpoB gene, mainly in the clinical (Adékambi et al., 2008) and environmental (Dahllöf et al., 2000; da Mota et al., 2005) areas. Recently, studies of the rpoB gene in Streptomyces (Mun et al., 2007) , Burkholderia, Ralstonia, Comamonas and Brevundimonas (Ait Tayeb et al., 2008) revealed significant success in the identification of species of these genera, suggesting that this gene can be a powerful tool for the study of different micro-organisms.
In this study, partial sequences of the rpoB gene from 26 species of Xanthomonas were determined in order to infer phylogenetic relationships within the genus. Also, the usefulness of the rpoB gene as a molecular marker for the differentiation of Xanthomonas species was evaluated.
METHODS
Bacterial strains. The type and pathovar reference strains of Xanthomonas used in this work were obtained from the Phytobacteria Culture Collection of Instituto Bioló gico (IBSBF), São Paulo, Brazil (Table 1) , and were grown in nutrient broth (0.3 % Bacto beef extract, 0.5 % Bacto peptone and 0.5 % NaCl) or on nutrient agar (NA), except for X. albilineans IBSBF 1374 T , which was cultivated in YSG (0.05 % NH 4 H 2 PO 4 , 0.05% K 2 HPO 4 , 0.02 % MgSO 4 . 7H 2 O, 0.5 % yeast extract, 0.5 % glucose and 1.5 % agar) at 28 uC for 48 h. For DNA preparation, the strains were grown in 5 ml of the appropriate medium at 28 uC for 16-18 h with shaking at 150 r.p.m.
DNA extraction and PCR conditions. DNA extraction was performed according to Pitcher et al. (1989) . The primers corresponding to the rpoB gene, rpoB2F (59-TCAAGGAGCGTCTGTCGAT-39) and rpoB3R (59-TCTGCCTCGTTGACCTTGA-39), were designed from xanthomonad alignments of rpoB sequences available from GenBank of Xanthomonas campestris pv. campestris B100 (GenBank accession number NC_010688.1), X. oryzae pv. oryzae KACC 10331 (NC_006834.1) and X. axonopodis pv. citri 306 (NC_003919.1). The amplifications were performed using 200 ng genomic DNA in 25 ml reaction mixtures containing 2.0 U Taq polymerase (Invitrogen), 16 Taq buffer, 200 mM dNTP mixture, 1.5 mM MgCl 2 and 0.4 mM of each primer. The cycling conditions were an initial denaturation step at 94 uC for 2 min followed by 35 cycles of 94 uC for 30 s, 63 uC for 30 s and 72 uC for 1 min and a final extension at 72 uC for 5 min in a thermocycler (Geneamp PCR System 9700; Perkin-Elmer). The amplified region (795 bp) corresponded to positions 1508-2303 of a total of 4152 nt.
Restriction fragment analysis. PCR products were restricted with either AfaI, AluI, CfoI, DdeI, HaeIII, HinfI, HpaII, Hsp92II, MboI or TaqI under conditions specified by the manufacturer (Fermentas). Restriction fragments were separated by electrophoresis in 4 % agarose gels in 16 TAE buffer (40 mM Tris/acetate, 1 mM EDTA). Gels were stained with 0.1 mg ethidium bromide ml 21 and then visualized and photographed under UV light using a digital system (Alpha Innotech 2200). Restriction patterns were confirmed using software available from http://insilico.ehu.es (Bikandi et al., 2004) . A dendrogram was constructed using fragments longer than 100 bp, scored for presence or absence, using the Jaccard (J) coefficient and the UPGMA algorithm from the NTSYS-PC program (Rohlf, 1992) . rpoB gene sequencing. For rpoB gene sequence analysis, PCR products corresponding to part of the rpoB gene were purified using the GFX PCR DNA and Gel Band Purification kit (GE Healthcare) under conditions specified by the manufacturer and sequencing reactions were done with an ABI Prism BigDye terminator cyclesequencing kit (Applied Biosystems) using the primers rpoB2F and rpoB3R. The sequences were read with an ABI 377 automatic sequencer (Perkin Elmer).
Phylogenetic analysis. Nucleotide sequences were aligned through the CLUSTAL W algorithm using the BioEdit program (Hall, 1999) and the ends of the alignment were trimmed to 612 nt corresponding to positions 1609 to 2220 of the rpoB gene (4152 nt) of X. oryzae pv. oryzae KACC 10331 (locus-tag XOO3591). Topology of the phylogenetic tree constructed with nucleotide sequences was assessed by the neighbour-joining (NJ), maximum-parsimony (MP) and maximum-likelihood (ML) methods with 1000 bootstrap replications and the similarity matrix was constructed using evolutionary distances obtained by the p-distance method. Phylogenetic and molecular evolutionary analyses were conducted using MEGA version 5 (Tamura et al., 2011) . The sequence of Stenotrophomonas maltophilia K279a (GenBank accession number NC_010943.1) was used as an outgroup.
Deduced RpoB amino acid sequence alignments. Partial rpoB sequences (612 nt) were aligned with rpoB gene sequences from X. campestris pv. campestris B100, X. oryzae pv. oryzae KACC 10331 and X. axonopodis pv. citri 306 obtained from GenBank and translated to amino acids by using the BioEdit program (Hall, 1999) , and the similarity matrix was constructed based on these sequences using evolutionary distances obtained by the p-distance method using MEGA version 5 (Tamura et al., 2011) .
Accession numbers. The rpoB sequences generated in this study were deposited in GenBank under the accession numbers listed in Table 1 .
RESULTS AND DISCUSSION
PCR-RFLP of the rpoB gene A 795 bp fragment corresponding to part of the rpoB gene was amplified from all 26 type strains of Xanthomonas analysed by PCR using the primers rpoB2F/rpoB3R. Amplification products were digested individually with the restriction enzymes AfaI, AluI, CfoI, DdeI, HaeIII, HinfI, HpaII, Hsp92II, MboI and TaqI. Most of the enzymes used revealed no significant differences within the genus Xanthomonas, with similar restriction profiles. HaeIII digestion proved to be more efficient in species differentiation, as observed for X. albilineans, X. axonopodis, X. bromi, X. codiaei, X. cucurbitae, X. fragariae, X. sacchari and X. theicola (Fig. 1, lanes 1 , 4, 5, 9, 10, 13, 19 and 20) . Some species showed the same profile, and were separated into groups: Xanthomonas alfalfae, X. citri, X. dyei and X. vasicola (Fig. 1, lanes 2, 8, 12 and 22) ; Xanthomonas arboricola, X. cynarae and X. gardneri (Fig. 1, lanes 3, 11 and 24) ; X. campestris and X. oryzae (Fig. 1, lanes 6 and 17) ; X. cassavae and X. melonis (Fig. 1, lanes 7 and 16) ; Xanthomonas hortorum and X. pisi (Fig. 1, lanes 14 and 18) ; Xanthomonas hyacinthi and X. translucens (Fig. 1, lanes 15 and 21) ; and Xanthomonas euvesicatoria and X. perforans (Fig. 1, lanes 25 and 26) . In addition, digestions with CfoI or HpaII also revealed differences between species (not shown), and the restriction profiles generated with HaeIII, HpaII and CfoI were used to construct a similarity dendrogram. The strains were separated into two clusters. Cluster I was formed by X. albilineans and X. melonis, which showed similarity of 27 % between them and 19.4 % with the other species. Cluster II was divided into two subgroups: subgroup I was made up of X. alfalfae, X. dyei, X. citri, X. vasicola, X. euvesicatoria, X. perforans, X. bromi, X. oryzae, X. axonopodis and X. campestris and subgroup II comprised X. arboricola, X. cynarae, X. gardneri, X. hortorum, X. codiaei, X. pisi, X. fragariae, X. cucurbitae, X. vesicatoria, X. cassavae, X. hyacinthi, X. translucens, X. sacchari and X. theicola. Some species presented similarity values of 100 %, such as X. alfalfae and X. dyei, X. euvesicatoria and X. perforans and X. arboricola, X. cynarae and X. gardneri (Fig. 2) .
The PCR-RFLP technique was also used by Simões et al. (2007) , using the rpfB and atpD genes in order to investigate the variability of different species of Xanthomonas, and their results indicated that these genes could be powerful tools for differentiating species within the genus. In our study, species that affect the same plant host were clearly differentiated, such as X. albilineans and X. sacchari, pathogenic to sugar cane, X. cucurbitae and X. melonis, which cause disease in melon, and X. gardneri, X. vesicatoria and X. euvesicatoria/X. perforans, which affect tomato. Therefore, the technique of PCR-RFLP of the rpoB gene can be used as an efficient, rapid and inexpensive tool in diagnostic tests for identification and differentiation of Xanthomonas species (Figs 1 and 2) , particularly in the import and export processing of plant material or seeds lots, and it can be easily standardized between laboratories.
Xanthomonas rpoB gene phylogeny
The sequences of part of the rpoB gene (612 bp) from all Xanthomonas species were aligned and edited and the sequence of Stenotrophomonas maltophilia K279a was used as an outgroup. In the phylogenetic tree constructed using the NJ method, the Xanthomonas species were separated into two main groups. Group I, supported by bootstrap values of 99 %, comprised X. euvesicatoria, X. perforans, X. alfalfae, X. citri, X. dyei, X. axonopodis, X. oryzae, X. hortorum, X. bromi, X. vasicola, X. cynarae, X. gardneri, X. campestris, X. fragariae, X. arboricola, X. cassavae, X. cucurbitae, X. pisi, X. vesicatoria, X. codiaei and X. melonis; group II, also supported 
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by bootstrap values of 99 %, comprised X. albilineans, X. sacchari, X. theicola, X. translucens and X. hyacinthi (Fig. 3) . MP and ML trees produced essentially the same structure as that seen in the NJ tree, except for X. arboricola, which did not group with X. campestris and X. fragariae (Figs S1 and S2, available in IJSEM Online). Identical main clusters were also observed in phylogenetic analysis of sequences of the 16S rRNA gene and the 16S-23S rRNA intergenic spacer Gonçalves & Rosato, 2002) and in MLSA studies using the dnaK, fyuA, gyrB and rpoD genes (Young et al., 2008 (Young et al., , 2010 . Groupings of X. translucens and X. hyacinthi; X. euvesicatoria, X. perforans and X. alfalfae; X. cassavae and X. cucurbitae; X. pisi and X. vesicatoria; and X. cynarae and X. gardneri were also observed in MLSA studies (Young et al., 2008) and gyrB gene analysis (Parkinson et al., 2009; Ryan et al., 2011) . Clustering of X. euvesicatoria, X. perforans and X. alfalfae was also observed in phylogenetic studies of dnaK and gyrB sequences (Ah-You et al., 2009). Moreover, similar groups comprising X. vasicola, X. oryzae, X. citri, X. axonopodis, X. perforans, X. euvesicatoria and X. alfalfae were obtained in phylogenetic analysis performed with other conserved housekeeping genes, including dnaK, fyuA, gyrB and rpoD, based on concatenation of all genes or single gene analysis (Young et al., 2008) . The data presented here suggested that rpoB gene sequence analysis represents a simple and reliable method for the differentiation of most Xanthomonas species.
Comparing the phylogenetic tree based on the NJ algorithm ( Fig. 3) with the similarity dendrogram constructed using combined datasets of PCR-RFLP (Fig. 2) , it was observed that some species groups were identical, e.g. X. alfalfae, X. dyei, X. citri, X. euvesicatoria and X. perforans; X. cynarae and X. gardneri; X. hyacinthi and X. translucens; X. sacchari and X. theicola. Different groups were also observed, but this was expected, since the PCR-RFLP analysis was based on restriction profiles while the phylogenetic analysis was carried out based on nucleotide sequences.
The similarity values obtained ranged from 87.8 to 99.7 % among the strains; the lowest values were observed between Fig. 1 . PCR-RFLP profiles of the rpoB gene of Xanthomonas species obtained after digestion with the restriction enzyme HaeIII. Lanes: M, molecular marker 100 bp (Fermentas); 1, X. albilineans; 2, X. alfalfae; 3, X. arboricola; 4, X. axonopodis; 5, X. bromi; 6, X. campestris; 7, X. cassavae; 8, X. citri; 9, X. codiaei; 10, X. cucurbitae; 11, X. cynarae; 12, X. dyei; 13, X. fragariae; 14, X. hortorum; 15, X. hyacinthi; 16, X. melonis; 17, X. oryzae; 18, X. pisi; 19, X. sacchari; 20, X. theicola; 21, X. translucens; 22, X. vasicola; 23, X. vesicatoria; 24, X. gardneri; 25, X. euvesicatoria; 26, X. perforans. See Table 1 for strain details. strains of X. albilineans and X. cucurbitae and between X. albilineans and X. vesicatoria, while the highest value was observed between strains of X. citri and X. dyei (Table S1 ).
The deduced RpoB amino acid sequences of the 26 strains were aligned and the results showed that these sequences were more conserved than the nucleotide sequences. Sequence similarity was found to range from 90.8 to 100 % (Table S2) . Variations were observed for 28 of the 204 amino acids of the RNA polymerase b subunit of Xanthomonas strains, and 21 species presented variation of 11 amino acids.
Sequencing of the rpoB gene has enabled the clarification of the taxonomic and phylogenetic relationships among different species, including Bartonella species (Renesto et al., 2000 (Renesto et al., , 2001 , Borrelia species (Lee et al., 2000) , Salmonella enterica subsp. enterica (Kwon et al., 2001) , Legionella pneumophila (Ko et al., 2002 (Ko et al., , 2003 , Staphylococcus species (Drancourt & Raoult, 2002) , non-pathogenic and clinical Bacillus species (Blackwood et al., 2004) In a study of phylogenetic relationships within the genus Pseudomonas, by comparing partial rpoB gene sequences (about 1000 nt), it was found that the phylogenetic resolution of the rpoB tree was approximately three times greater than that of the 16S rRNA gene tree (Ait Tayeb et al., 2005) ; i.e., the use of the rpoB gene allowed better separation of closely related species in comparison with data from the 16S rRNA gene.
Our data indicated that the rpoB gene is a suitable and efficient molecular marker for the distinction of Xanthomonas species and can be used as an alternative molecular tool for examining phylogenetic relationships of the genus Xanthomonas. Fig. 3 . NJ tree based on rpoB gene sequences. Numbers on branches indicate percentages of the number of times that the node was supported in 1000 replicates of bootstrap analysis. Bar, 0.01 substitutions per site. The sequence of Stenotrophomonas maltophilia K279a (GenBank NC_010943.1) was used as an outgroup. ML and MP trees are available as Figs S1 and S2. See Table 1 for accession numbers.
